Patch clamp recordings of excitatory postsynaptic currents (EPSCs) in central neurons reveal large #uctuations in amplitudes and decay times of AMPA-receptor-mediated EPSCs. By using Monte Carlo simulations of synaptic transmission in brainstem interneurons, we tested several hypothesis that could account for the observed variability. The coe$cient of variation (CV) of 0.5 for miniature amplitudes cannot be explained by #uctuations in vesicle content or receptor distribution, but is traced to variations in receptor number, which is estimated as 77$39 receptors per bouton. As the variability of rise times re#ects #uctuations in size of the post-synaptic density and heterogeneity of the receptor distribution, the relatively small CV"0.37 of experimentally determined values points to a homogeneous arrangement of receptors. Within our model the large variability of decay times (CV"0.49) can only be explained by #uctuations in the transmitter time course (mean residence times of 0.4$0.13 ms), presumably resulting from heterogeneities in synaptic morphology. Hence, our simulations indicate that di!erent noise sources control the variability of amplitudes, rise and decay times. In particular, the distribution of decay times yields information about the synaptic transmission process, which cannot be obtained from other observables.
Introduction
Many aspects of central synaptic function are not yet understood in detail, including the basic mechanisms of synaptic transmission. One important line of investigation includes the study of so-called miniature synaptic currents*postsynaptic responses which result from the spontaneous release of single neurotransmittercontaining vesicles (e.g. Bekkers et al., 1990; Bekkers & Stevens, 1995; Borst et al., 1994; Edwards et al., 1990; Glavinovic, 1999; Frerking et al., 1995; Liu et al., 1999; Nusser et al., 1997; Tang et al., 1994) . Experiments generally yield a wide range of variability of these quantal responses. Learning about possible sources of this variability is essential in understanding synaptic function. The large quantal variability has predominantly been observed in the miniature amplitude distribution of post-synaptic currents (see Liu et al., 1999 , Nusser et al., 1997 for further references) and its origin has been discussed controversially since. It has been suggested that variations in mEPSC amplitudes arise from presynaptic mechanisms such as transmitter release (Bekkers et al., 1990; Glavinovic, 1999; Forti et al., 1997; Frerking et al., 1995; Liu et al., 1999) or that they are caused by #uctuations located on the post-synaptic side as, for instance, variations in the receptor number (Borst et al., 1994; Edwards et al., 1990; Nusser et al., 1997; Tang et al., 1994) . Closely related to this discussion is the question whether synapses are saturated after the release of a single vesicle. It is commonly believed that at central synapses an abundance of neurotransmitter hits a very limited number of postsynaptic receptors [see Edwards (1995) and Walmsley et al. (1998) for reviews]. Still agreement regarding the question of saturation of postsynaptic receptors is lacking. Experimental and theoretical approaches have been chosen to address this question and have led to the conclusion that the release of a single vesicle of glutamate activates most of non-NMDA receptors, i.e. causes an open probability *70% (Jonas et al., 1993; Kleinle et al., 1996; Kullmann et al., 1999; Min et al., 1998; Silver et al., 1996; Spruston et al., 1995; Tang et al., 1994; Wahl et al., 1996) . But also open probabilities of less than 50% have been observed in mEPSCs (Liu et al., 1999; Mainen et al., 1999; Silver et al., 1996) , often coming along with large #uctuations in mEPSC amplitudes, which then are thought to be due to #uctuations in vesicle content (Harris & Sultan, 1995; Liu et al., 1999) or point of release (Uteshev & Pennefather, 1996) . These contradicting results are brought together in the idea that receptor occupancy might be sensitive to several factors, such as synaptic morphology, the anatomy of the synaptic cleft, the time course of transmitter clearance, and that these properties most probably vary from one synapse to the next (Clements, 1996; Edwards, 1995; Frerking & Wilson, 1996; Harris & Kater, 1994; Lim et al., 1999; Liu & Tsien, 1995; Min et al., 1998; Oleskevich et al., 1999; Rossi et al., 1995; Silver et al., 1996; Walmsley et al., 1998) .
In this paper, we address the question of origins of synaptic variability from a novel point of view by not only studying mechanisms that shape the distribution of amplitudes, but also those of rise and decay times. Decay times of AMPA-mediated mEPSCs are slower than the fast deactivation of AMPA channels (Edmonds et al., 1995; Hausser & Roth, 1997; Spruston et al., 1995) , so that desensitization contributes to shaping the time course of post-synaptic currents (Glavinovic, 1999; Hausser & Roth, 1997; Jonas et al., 1993; Jones & Westbrook, 1996; Spruston et al., 1995; Wahl et al., 1996) . This is in accordance with measurements, which indicate that glutamate remains in the synaptic cleft for almost a millisecond (Clements et al., 1992; Clements, 1996) . We therefore expect that decay times of mEPSCs can provide additional information about the time course of glutamate in the cleft. A similar line of reasoning has been pursued in several experiments and simulations (Barbour et al., 1994; Diamond & Jahr, 1997; Holmes, 1995; Tong & Jahr, 1994) , where it was shown that changes in the time course of glutamate lead to alterations in EPSC decay times.
Our patch-clamp recordings on brainstem interneurons in the nucleus tractus solitarius (NTS) (Titz & Keller, 1996 show that a glutamate concentration of 1 mM, which corresponds to the transmitter concentration released from a single vesicle (Clements, 1996; Edwards, 1995) , activates &72% of non-NMDA receptors. Based on this, we assume that the population of post-synaptic receptors is mostly saturated by the release of a single vesicle, leaving little room for synaptic variability caused by pre-synaptic parameters such as #uctuations in release probability or vesicle content. Instead the variations in mEPSCs amplitudes are thought to re#ect di!erences in receptor number between synaptic boutons as well as the intrinsic noise of the receptor dynamics (Faber et al., 1992; Tang et al., 1994; TrommershaK user et al., 1999) . Another source of variability may arise from inhomogeneities in receptor density (Wahl et al., 1996) or di!erent receptor arrangements due to variable sizes of the post-synaptic density (PSD) (Edwards, 1995; Lim et al., 1999; Oleskevich et al., 1999) , although our recent theoretical studies have pointed out that the contribution of spatial #uctuations to the variability of mEPSCs is small (TrommershaK user et al., 1999) .
In the following, we will utilize Monte Carlo simulations of mEPSCs to test the e!ect of synaptic parameters such as receptor number, synaptic morphology and transmitter dynamics on the distribution of amplitudes, rise and decay times of non-NMDA-mediated mEPSCs of brainstem interneurons. We will demonstrate that #uctuations in miniature amplitudes are resolved by variations in the synaptic receptor number. In contrast, the variability of EPSC decay times proves to be independent of #uctuat-ing receptor numbers, and is explained in the 330 frame of our model only by a heterogeneity in synaptic morphology a!ecting the transmitter motion. This e!ect of the synaptic morphology does not occur in any other observable, suggesting that the analysis of the distribution of decay times yields additional insight into synaptic function.
Experimental Procedure
Transverse slices of the brainstem from 10 to 14-day-old rats containing the parvocellular and medial nuclei of the NTS were prepared as previously described (Titz & Keller, 1997) . Slices were kept at room temperature in continuously bubbled (95% O , 5% CO ) extracellular solution (118 mM NaCl, 3 mM KCl, 1 mM MgCl , 25 mM NaHCO , 1 mM NaH PO , 1.5 mM CaCl , 10 mM glucose) at pH 7.4 until transferred to the recording chamber. Whole-cell recording experiments (Hamill et al., 1981) were started after at least 1 hr of incubation to improve recovery. During experiments, slices were continuously superfused with the solution described above (3.2 ml min\) at room temperature (22$23C). All perfusing solutions contained 10 M bicuculline (Sigma, Germany) to block GABA -receptor-mediated inhibitory post-synaptic currents. For recording of miniature EPSCs, 1 M tetradotoxin (TTX, SIGMA) was added to the perfusing solution. In some experiments, 100 mM sucrose was added to increase the frequency of miniature EPSCs. In experiments with low Ca>/Mg> ratio the Ca> concentration was varied between 1.5 and 0.7 mM and the Mg> concentration was changed accordingly to maintain a constant divalent ion concentration (Titz & Keller, 1996 .
Patch pipettes used for single-electrode voltage-clamp recordings were pulled from borosilicate glass tubing (Kimble, USA) and heatpolished before use. When "lled with intracellular solution (in mM: 140 CsCl, 10 HEPES, 10 EGTA, 1 CaCl , 2 MgCl , 4Na -ATP, 0.4 Na -GTP, 4.5 mg ml\ Neurobiotin, adjusted to pH 7.3 with CsOH), they had a resistance of 1.8}2.5 M . Currents were ampli"ed using an EPC-9 (HEKA Elektronik Lambrecht, Germany) ampli"er. Whole-cell currents were recorded with sampling frequencies of 5 kHz, "ltered (3-pole-Bessel "lter 10 kHz, 4-pole Bessel "lter 2.9 kHz) and stored on the hard disk of a Macintosh computer for o!-line analysis with programs Pulse "t (HEKA Elektronik, Lambrecht, Germany) and Igor (Wavemetrics, Lake Oswego, OR, USA). For recordings from outside-out patches the sampling frequency was increased to 10 kHz. Optimal series resistance compensation was employed as previously described (Llano et al., 1991) obtaining the values of Rs and Cm from the settings of the capacitance cancellation circuitry of the patch-clamp ampli-"er. Typical series resistance ranged from 8 to 15 M . Cells with series resistances higher than 15 M were not included in the analysis. An optimal series resistance compensation was performed by using the series resistance compensation circuitry of the EPC-9 patch clamp ampli"er according to Hamill et al. (1981) . The membrane potential of the recorded cell was held at !60 mV. No compensation was made for the liquid junction potential. Values of Rs and Cm were regularly monitored during an experiment. EPSCs were evoked in pNTS neurons by electrical stimulation (isolated stimulator, HI-Med, H15) of a!erent "bers in the ipsilateral parvocellular or medial NTS using a standard patch pipette (2}3 M ) "lled with intracellular solution. To favor single-"ber stimulation stimulus intensity was set to a minimum (8}30 V). Stimulation pulses lasting 200 s were delivered at a frequency of 0.3 Hz. Outside-out patches excised from NTS cells were exposed to agonist containing solution (1 mM glutamate in extracellular solution) using a high-voltage piezoelectric crystal (Physik Instrumente, Waldbronn, Germany) to rapidly move an application pipette (Barbour et al., 1994; Franke et al., 1987; Titz & Keller, 1997) . The #ow of solutions from the pipette and from the bath (3 ml min\) were arranged to be parallel to favor laminar #ow of the agonist containing solution.
ANALYSIS
Kinetic analysis was performed on individual EPSCs. The rise time was measured as the time to rise from 20 to 80% of the EPSC peak amplitude. For determining the decay time constant, a single exponential was "tted from peak to baseline. The peak amplitude was calculated as the di!erence between the mean current before the EPSC and the peak amplitude. Latencies were de"ned as the time from the end of the stimulus to the beginning of the EPSC as determined by the crossing point between the baseline and a back-extrapolated line connecting the curve points at 20 and 80% of the amplitude. Numerical values are given throughout the text as mean$standard deviation. Averages of EPSC kinetics were calculated by taking the mean value for all EPSCs measured. To further illustrate the statistical basis of measurements, we also indicated the number of cells investigated. When the total number of EPSCs is not explicitly stated, averages were calculated for each cell and the indicated SD re#ects variations between cells. The contribution of background noise on the variability of EPSC kinetics was investigated in detail by simulation of elementary synaptic responses. In this case, EPSCs in pNTS interneurons were simulated with an average amplitude of 15$3 pA, mean monoexponential decay time constants of 2.9 ms and a sampling interval of 5 kHz. A Gaussian background noise was added with a mean amplitude of 1.5 pA. Decay kinetics of simulated EPSCs were then approximated by our mono-exponential "tting algorithm. The distribution of decay time constants of 1000 simulated EPSCs was well approximated by a Gaussian function with a mean value of 2.9 ms and a standard deviation of 0.3 ms, indicating that a variation of this magnitude resulted from background noise. Similar results were obtained for rise times and amplitudes, indicating that variations due to background noise accounted for a CV of 0.1 in the kinetic parameters.
NON-STATIONARY FLUCTUATION ANALYSIS
The maximum open probability of non-NMDA receptors in outside-out patches exposed to 1 mM of glutamate is estimated using the method of non-stationary #uctuation analysis (see e.g. Hille, 1992 ). The average current I(t) is calculated averaging ten individual current responses from nucleated outside-out patches (Titz & Keller, 1997) . To obtain the time-dependent variance (I(t)) every individual response is subtracted from the averaged current and the di!erence is squared. The 119 data points for (I(t)) are "tted by
(Sigworth, 1980) for a singe-channel current i of 0.372 pA (Titz & Keller, 1997) . The "t yields ( Fig. 1 ) an average number of 1431$24 receptors (68.3% con"dence interval) in the outside-out patch. This corresponds to a maximum open probability of 72% at peak amplitudes of 420 pA (Fig. 1 ).
Theory

KINETIC MODEL OF AMPA RECEPTOR
The AMPA receptor is modeled using the kinetic three-state model de"ned by eqn (2), which has been shown to account for the basic features of the synaptic transmission process (Destexhe et al., 1994; Marienhagen et al., 1997) : (Titz & Keller, 1997) . 1993; Hausser & Roth, 1997) and are neglected in this context for the sake of simplicity. To undergo a transition into the open or desensitized state the receptor has to bind two glutamate molecules (see e.g. Edmonds et al., 1995) , which is re#ected by the transmitter dependency of the transition rates kI M and kI B . In a "rst approximation, the two binding steps of glutamate (Jahn et al., 1998) are assumed to be rapid compared to the time-scales of channel opening and desensitizing (Hausser & Roth, 1997; Jahn et al., 1998 Jahn et al., , 1993 Spruston et al., 1995) so that the concentration dependency of kI M (kI B , respectively) is given by
with K denoting the equilibrium constant (see e.g. Colquhoun & Hawkes, 1995) . The kinetic parameters of the reaction scheme (2) are estimated by calculating the open probability P -(t) as described in Marienhagen et al. (1997) .
and PCQ are then "tted to the outcome of experiments on outside-out patches of brainstem interneurons (Titz & Keller, 1997) , which are displayed in Table 1 .
This yields the kinetic rate constants in Table 2 which subsequently are used in the Monte Carlo simulations to model the AMPA receptor.*
MONTE CARLO SIMULATIONS OF EPSCs
In the Monte Carlo simulation we model a single synaptic bouton as a two-dimensional disc, which is bounded by an absorbing boundary at the radius r ?@Q (Fig. 2) . The model, its underlying assumptions and range of validity has been discussed in detail elsewhere (TrommershaK user et al., 1999) . In particular, it has been shown that the neurotransmitter rapidly equilibrates across the synaptic cleft within a few microseconds, which justi"es our two-dimensional model of the cleft. The absorbing boundary comprises the e!ects of transporters on the transmitter dynamics and glutamate uptake by extra-synaptic mechanisms (TrommershaK user et al., 1999) . The post-synaptic receptors (total number: n PCA ) are homogeneously randomly distributed within the post-synaptic density (PSD) of radius r .1" (r .1" (r ?@Q ). It is assumed that the content of a single vesicle N 2 is released instantaneously from a single point r "(x PCJC?QC , y PCJC?QC ), which is chosen randomly within the PSD. The transmitter molecules spread within the synaptic cleft with an e!ective di!usion constant D LCR according to Fick's law before being irreversibly taken out of the simulation after having crossed the absorbing boundary at radius r ?@Q . Information about the synaptic geometry and the number of transmitter molecules released is taken from Edwards (1995) Titz & Keller, 1996) . (1995) . The distribution of rise times is used to yield an estimate of the e!ective di!usion constant D LCR "40 nm s\, which is in accordance with the range given by Kleinle et al. (1996) , Bennett et al. (1997) , Agmon & Edelstein (1997), and TrommershaK user et al. (1999) .
In the Monte Carlo simulation of a single synaptic bouton, the concentration pro"le and the states of all receptors are updated simultaneously. For each discrete time step t a &&new'' distribution of transmitter molecules is generated, a possible change in the states of all receptors is calculated and the number of open channels is computed at every time step [see TrommershaK user et al. (1999) for details and further references].-This yields the number of open channels or the open probability, respectively, as a function of time. For a series of sweeps, which are run for a set of given synaptic parameters but varying initializations of the random number generator, distributions of amplitudes, rise and decay times are generated and compared with recordings of mEPSCs. The coe$cient of variation (CV*standard deviation/mean) is taken as an index of variability.
CALCULATION OF THE RESIDENCE TIME OF TRANSMITTER IN THE CLEFT
The mean residence time of neurotransmitter in the cleft can be calculated for a given synaptic geometry, i.e. the absorbing boundary r ?@Q and extension of the PSD r .1" and any point of release r "(x PCJC?QC , y PCJC?QC ). As shown in TrommershaK user et al. (1999) the residence time 1¹2 is then given by
Here J K denotes the mth Bessel function of the "rst kind and KL the n-th zero of J K .
COMPUTATIONAL PROCEDURE
The computer simulations and numerical routines were written in the C language, compiled and run on Pentium PCs. Random numbers were generated using the ran2 routine (Press et al., 1992) .
Results
In central neurons patch clamp recordings of excitatory synaptic currents reveal substantial #uctuations in amplitudes and decay times of AMPA-receptor-mediated EPSCs. In our present study, we investigated in detail excitatory synaptic transmission in brainstem interneurons in the NTS from rat, mainly because their electrically compact shape permits high-resolution electrophysiological recordings of synaptic responses. Figure 3 illustrates EPSCs in NTS interneurons (from Titz & Keller, 1996) during repetitive stimulation of pre-synaptic a!erents. Neurotransmitter release probability was minimized by reduced extracellular calcium concentration as previously described (Titz & Keller, 1996) . The time course of mEPSCs exhibits large variations as displayed in displayed in Fig. 5 . It should be noted here that the #uctuations of decay times (CV"0.49) are larger than that reported for AMPA-mediated mEPSCs at CA3 and CA1 regions of rate hippocampus (Jonas et al., 1993; CV"0.22; Atassi & Glavinovic, 1999 ; CV"0.34). Variability in the mEPSC time course due to cable "ltering is unlikely in these cells for the following reasons: First, NTS neurons are electrically compact as indicated by fast capacitive transients after membrane recharging (Titz & Keller, 1997) . Second, rise times and decay times do not correlate signi"cantly [ Fig. 4(a) ]. Such a correlation would be expected, because rising and decaying of an EPSC would be delayed for more distal synapses*provided the receptor kinetics is the same for proximal and distal synapses. Outside-out patch recordings support the latter assumption (Titz & Keller, 1997) . Third, rise times are relatively homogeneous, indicating that "ltering e!ects are small. Hence we will not take dendritic "ltering into account in our theoretical analysis. To identify the underlying sources of noise in the transmission process, we performed a detailed electrophysiological analysis of miniature EPSCs in NTS interneurons and compared the results with Monte Carlo simulations of synaptic transmission. Several mechanisms have been suggested as possible sources of synaptic variability and will be discussed in the following: Most likely miniature currents are recorded from various synaptic boutons, which might di!er regarding receptor number (Borst et al., 1994; Edwards et al., 1990; Lim et al., 1999; Nusser et al., 1997; Oleskevich et al., 1999) and receptor distribution (Wahl et al., 1996) , vesicle content (Liu et al., 1999) and synaptic morphology (Edwards, 1995; Walmsley et al., 1998) . The latter, as well as heterogeneities in the transmitter-transporter interaction TrommershaK user et al., 1999) have been suggested to a!ect the transmitter dynamics in-and outside the cleft (Kullmann et al., 1999) . Furthermore, it has been pointed out (Bier et al., 1996; Faber et al., 1992 , TrommershaK user et al., 1999 that in synaptic boutons with a small number of post-synaptic receptors, the intrinsic noise of the receptor dynamics provides the major contribution to synaptic variability.
THE BROAD DISTRIBUTION OF mEPSC AMPLITUDES IN BRAINSTEM INTERNEURONS IS DUE TO FLUCTUATIONS IN RECEPTOR NUMBER
In the simulations it has been assumed that a single mEPSC is caused by the release of, on average, 4000 glutamate molecules from a single vesicle at a randomly chosen release site located within a PSD of 300 nm diameter. The absorbing radius has been set to 500 nm. The chosen synaptic scenario implicates a residence time of glutamate in the cleft of 1¹2"0.43$0.04 ms.
First, Monte Carlo simulations have been performed to study the source of variation observed in the time course of miniature amplitudes. Monte Carlo simulations of a single synaptic bouton with a "xed number of 85 post-synaptic receptors yield a non-skewed distribution of amplitudes (53.1$4.4 channels open at peak amplitude), which is too narrow to account for the range of experimentally observed #uctuations in the distribution of miniature amplitudes (52.8$26.4 channels) as displayed in Fig. 6 . The simulation results indicate that following the release of a single vesicle about 63$5% of all channels open. Hence, as expected from the outcome of outside-out patch experiments (see above) the population of post-synaptic receptors is saturated to a large extent by the release of a single vesicle. Consistently, variations in vesicle content fail to cover the range of miniature amplitudes, if the number of post-synaptic receptors is "xed: As shown in Fig. 6 a strongly #uctuating vesicle content does not signi"cantly increase the spectrum of miniature amplitudes. While vesicles containing (1200 molecules yield smaller maximum amplitudes, the complementary e!ect for vesicles with a large amount of transmitter molecules does not occur due to the saturation of post-synaptic receptors. For the 336 ? As indicated by the initial slope of in Fig. 1 singlechannel currents may #uctuate around the mean of i"0.372 pA. The overall synaptic response, however, is gained by summing over single-channel current contributions. As con"rmed by simulations (data not shown here) a number of approximately 85 receptors is su$cient to average out noise contributions to the amplitude CV due to #uctuations in the single-channel amplitude i: Simulations in which the single-channel amplitude is randomly altered according to a Gaussian distribution with a mean of 0.372 pA and CV of 0.4 (for a "xed number of 85 receptors, all other parameters chosen as for the white columns in Fig. 6 ) yield synaptic currents of 19.64$1.76 pA (as compared to 19.75$1.63 pA for constant i). We therefore consider contributions of #uctuating single channel currents to the observed variation in EPSC amplitudes to be negligible and use a constant single-channel current of i"0.372 pA for our analysis. As outside-out patch-recordings of NTS neurons indicate kinetically homogeneous receptor populations in NTS neurons (Titz & Keller, 1997) , we consider the possibility of strongly #uctuating mean EPSC amplitudes across di!erent synapses (as possibly resulting from diverse previous synaptic activity) to be unlikely. same reason #uctuations in the transmitter dynamics as possibly caused by heterogeneities in synaptic morphology exhibit little e!ect on the amplitude distribution (see Fig. 8 for details) . We conclude that variations in the miniature amplitude distribution of brainstem interneurons are not explained by variations in vesicle content, i.e. are not located on the pre-synaptic side, but are caused by #uctuations in post-synaptic receptor number.
The variation in maximum amplitudes is then due to the fact that the miniature amplitude distribution is caused by currents from several synaptic boutons containing a variable number of receptors.? We estimated receptor numbers by assuming that about 70% of post-synaptic receptors are activated by the release of a single vesicle (see Section 2). For every simulation run the number of post-synaptic receptors is calculated directly from our experimental data by dividing the recorded miniature amplitudes by the open probability 0.7 and the single-channel current of 0.372 pA (Titz & Keller, 1997) . This yields a receptor number of 77$39 postsynaptic receptors in a synapse (corresponding to 47.8$23.2 channels open at peak amplitude) and allows to correctly cover the range of variation observed in experimental mEPSCs [ Fig. 5(a) ].
THE DISTRIBUTION OF RISE TIMES PROVIDES INFORMATION ABOUT THE RANGE OF POSSIBLE PSD SHAPES
For several types of central synapses a large variety of PSD shapes has been observed [see Edwards (1995) and Walmsley et al. (1998) for further references] and it has been suggested that variations in receptor distribution might contribute to synaptic variability of mEPSC amplitudes (Wahl et al., 1996) . If synaptic currents are expected to exhibit an e!ect due to the heterogeneity of receptor distributions it should mainly occur in the distribution of rise times because of the late activation of receptors at larger distances from the point of release. The results displayed in Fig. 7 support this conclusion: Doubling the radius of the PSD (r .1" "300 nm compared to r .1" "150 nm) broadens the distribution of rise times (Fig. 7) . Such a broadening is beyond the experimentally observed width. We therefore conclude that #uctuations in PSD size are restricted to a range of approximately r .1" &150 nm. In other words, a heterogeneity of PSD shapes increases the range of variation of rise times which is not observed experimentally and hence not considered further in this work.
Furthermore, we "nd that the distribution of rise times is left unchanged for a #uctuating vesicle content (0.3$0.14 ms, see also , ) ) ) ) ) ), 1¹2"0.4$0.14 ms (white columns, **). Gray columns indicate the experimentally recorded miniature amplitudes. Monte Carlo simulations were run either for synaptic boutons with a "xed geometry ( ) ) ) ) ) ; absorbing boundary r ?@Q "500 nm) or for varying geometries (**; absorbing boundaries (r ?@Q chosen randomly according to a truncated Gaussian distribution between 150 and 1000 nm, with r ?@Q "530$240 nm), rest of parameters as in Fig. 5 . In both cases 4000 transmitter molecules were released at each time randomly chosen release sites within the PSD of radius r .1" "150 nm.
variable receptor number [0.32$0.18 ms, Fig. 5(b) ] as compared to "xed vesicle content and "xed number (0.27$0.1 ms, Fig. 6 ). We conclude that the distribution of rise times is largely controlled by the underlying receptor distribution and points towards homogeneous PSD shapes of approximately 150 nm radius at NTS neurons.
THE VARIABILITY OF mEPSC DECAY TIMES CAN BE EXPLAINED BY FLUCTUATIONS IN THE RESIDENCE TIME OF TRANSMITTER IN THE CLEFT
Monte Carlo simulations which are run for varying numbers of post-synaptic receptors (but for geometrically identical boutons) are able to reproduce the experimental distributions of amplitudes and rise times (see Fig. 5 ), but fail to account for the large range of variation observed in the distributions of decay times: while the experimentally observed decay times are strongly #uctuating (2.64$1.30 ms, CV"0.49), the Monte Carlo simulations are only able to resolve a small fraction of this variability (2.61$0.48 ms, CV"0.18). Furthermore, the spectrum of decay times (CV"0.18, Fig. 5 ) as generated from Monte Carlo simulations with #uctuations in receptor number does not di!er from the distribution of decay times for a "xed number of post-synaptic receptors (CV"0.17, Fig. 6 ) and for additional variations in vesicle content (CV"0.2, Fig. 6 ). As shown above, the 338 distribution of decay times is hardly changed by a varying PSD size*despite the large e!ect on the distribution of rise times. It should be noted that not only the mean value of BCA?W , but also its CV does not depend on the receptor distribution. Hence, the fact that mEPSCs are recorded from several synaptic boutons, which might exhibit a wide spectrum of PSD shapes (see e.g. Walmsley et al., 1998) and receptor numbers (see above), does not account for the broad #uctuations observed in the distribution of decay times.
It is possible that, due to individual morphological properties of single synaptic boutons, the time course of transmitter in the cleft is not the same for every synapse. We study the e!ect of 
Discussion
Monte Carlo simulations have been used to study the origin of large #uctuations, which have been recorded in the time course of AMPA-mediated unitary EPSCs in brainstem interneurons. It has been shown that the release of a single vesicle activates about 70% of post-synaptic receptors. This leads to the conclusion that the large variability observed in the miniature amplitude distribution is due to #uctuations in the number of post-synaptic receptors. It is demonstrated that the distribution of decay times is not altered by #uctuations in receptor number, receptor arrangement or vesicle content, but re#ects #uctuations in the residence time of the transmitter in the synaptic cleft. We conclude that most likely inhomogeneities in synaptic morphology, like morphological di!erences of extracellular space or inhomogeneous distributions of di!usion barriers in-and outside the cleft, are the reason for the #uctuations of the time course of transmitter in the cleft. The residence time of glutamate in the cleft at brainstem interneurons, which is able to account for the observed distribution of decay times, is estimated as 0.4$0.13 ms. This is about half the estimate found at rat hippocampal neurons (Clements, 1996) .
Our results di!er from what has been expected by Faber et al. (1992) , who suggested that due to a small number of post-synaptic receptors, the intrinsic noise of the receptor dynamics should provide the major contribution to synaptic variability. This assumption seems to hold for synaptic currents recorded at the mossy "ber synapse on CA3 pyramidal cells of rat hippocampus (Jonas et al., 1993) , where it has been demonstrated that #uctuations in the time course of unitary EPSCs in reduced extracellular Ca> can be resolved by Monte Carlo simulations of a single synaptic bouton type [data taken from TrommershaK user et al. (1999) and displayed in Table 3 ]. This has led to the conclusion that for the latter type of synapses single-channel noise is the major source of synaptic variability.
However, the situation seems di!erent at brainstem interneurons where single-channel noise fails to account for the whole spectrum of amplitudes and decay times (see Fig. 6 ). One VARIABILITY OF EXCITATORY CURRENTS
TABLE 3
Results for recorded and simulated EPSCs in CA3 pyramidal cells (Jonas et al., 1993; ¹rommershaK user et al., 1999) Maximum open 20}80% probability rise times Decay times
Computer simulations &63% 0.51$0.26 ms 4.05$1.15 ms Experiments &72% 0.5$0.2 ms 4.1$0.9 ms possible source of synaptic variability is pointed out by e.g. Liu et al. (1999) or Min et al. (1998) , who suggest that post-synaptic AMPA receptors in the hippocampus are not saturated leaving room for variations in the vesicle content contributing substantially to synaptic variability. This is not the situation at brainstem interneurons where we "nd that concentrations corresponding to the content of a single vesicle activate about 70% of the post-synaptic receptors. Several experiments on hippocampal and cerebellar synapses have led to the same conclusion (Hausser & Roth, 1997; Kullmann, 1993; Kullmann et al., 1999; Jonas et al., 1993; Marienhagen & Zippelius, 1995; Marienhagen et al., 1997; Spruston et al., 1995; Wahl et al., 1996) . The common idea is that an abundance of neurotransmitter remains in the cleft for approximately 1 ms (Barbour et al., 1994; Clements, 1992; Spruston et al., 1995; Clements, 1996) activating most of the post-synaptic receptors. If this scenario is true, variations in vesicle content should not create a large e!ect on the post-synaptic signal. As shown above this is con"rmed by our Monte Carlo simulations, in which the vesicle content has been varied. We could not "nd any signi"cant e!ect on the distributions of amplitudes, rise or decay times. Several studies (see e.g. Edwards, 1995; Lim et al., 1999; Oleskevich et al., 1999; Peters & Kaiserman-Abramof, 1969; Walmsley et al., 1998) have stressed that central synapses express a wide variety of PSD shapes and it has been assumed that the heterogeneity of the corresponding receptor distribution might contribute essentially to synaptic variability (Wahl et al., 1996) . Our simulations do not support this "nding at NTS neurons. As demonstrated above the relatively narrow distribution of rise times is not consistent with a strong heterogeneity in PSD size. Hence, the latter has not been considered as a possible source for the broadening of the distribution of amplitudes and decay times.
Central synapses are not only thought to exhibit a heterogeneity in PSD shape, but also in synaptic morphology, which has an e!ect on the transmitter dynamics inside the cleft: it has been suggested that the spreading of neurotransmitter inside the cleft is a!ected by the tortuosity of the cleft (Garthwaite, 1985; Holmes, 1995; Ichimura & Hashimoto, 1988; Nicholson & Phillips, 1981; Rice et al., 1985; Uteshev & Pennefather, 1997; Wahl et al., 1996) , by a dense staining, gel-like material (Edwards, 1995; Harris & Kater, 1994; Peters & Kaiserman-Abramof, 1969; Walmsley et al., 1998; Van der Loos, 1963) or by interactions of the di!using molecules with receptors, transporters or other binding sites TrommershaK user et al., 1999) . Furthermore, it is likely that structural inhomogeneities in the vicinity of a synapse, for instance local narrowing of intracellular gaps, can signi"cantly retard di!usion and act like a di!usion barrier (Barbour et al., 1994; Kullmann et al., 1999; Min et al., 1998; Rossi et al., 1995; . Hence, #uctuations in the transmitter time course may arise from a heterogeneity of synaptic morphology or may be due to heterogeneity in distribution, number or e$ciency of uptake molecules. However, bath application of the glutamate transporter blocker D-aspartate does not alter the EPSC kinetics. Control EPSCs do not di!er from EPSCs recorded after inhibition of glutamate uptake with 1 mM D-aspartate (from Titz & Keller, 1997) . We conclude that EPSCs at brainstem interneurons are not shaped by glutamate transporters and suggest that rather di!erences in synaptic morphology as well as inhomogeneous distributions of di!usion barriers in or outside the cleft are responsible for #uctuations in the transmitter dynamics. Our simulations illustrate the e!ect of morphological heterogeneity on post-synaptic currents and demonstrate that the variability of decay times is resolved by #uctu-ations in the transmitter time course, which appears as a consequence of the geometrical heterogeneity. We can summarize that #uctu-ations in post-synaptic receptor number (77$39 receptors per synapse) can account for the synaptic variability observed in amplitudes of miniature currents of brainstem interneurons, whereas the wide spectrum of decay times is explained by #uctuations in the transmitter time course (mean residence times of 0.4$0.13 ms). We want to stress that synaptic mechanisms shaping the distributions of amplitudes are di!erent from those a!ecting the distributions of rise and decay times. We therefore suggest that the analysis of miniature distributions and particularly of decay times can provide further insight into synaptic function.
